ABSTRACT BK polyomavirus (PyV) is a major source of kidney failure in transplant recipients. The standard treatment for patients with lytic BKPyV infection is to reduce immunosuppressive therapy, which increases the risk of graft rejection. PyVs are DNA viruses that rely upon host replication proteins for viral genome replication. A hallmark of PyV infection is activation of the DNA damage response (DDR) to prevent severe host and viral DNA damage that impairs viral production by an unknown mechanism. Therefore, we sought to better understand why BKPyV activates the DDR through the ATR and ATM pathways and how this prevents DNA damage and leads to increased viral production. When ATR was inhibited in BKPyV-infected primary kidney cells, severe DNA damage occurred due to premature Cdk1 activation, which resulted in mitosis of cells that were actively replicating host DNA in S phase. Conversely, ATM was required for efficient entry into S phase and to prevent normal mitotic entry after G 2 phase. The synergistic activation of these DDR kinases promoted and maintained BKPyV-mediated S phase to enhance viral production. In contrast to BKPyV infection, DDR inhibition did not disrupt cell cycle control in uninfected cells. This suggests that DDR inhibitors may be used to specifically target BKPyV-infected cells.
to amplify the viral genome. To hijack the host S-phase proteins, PyVs drive the host into S phase by expressing large tumor antigen (TAg) and a splice variant, small TAg (tAg). TAg inactivates the S-phase suppressor, retinoblastoma protein (pRb) (3, 4) , while tAg inactivates protein phosphatase 2A (PP2A), a master phosphatase that is essential for cell cycle progression (5, 6) . Together, these oncogenes commandeer the host cell, promote S-phase entry, and induce multiple rounds of viral and host chromatin replication (7) . In addition to promoting S phase, all studied PyVs activate the DNA damage response (DDR) during infection, which is required for efficient amplification of the viral genome, production of virions, and protection of the host from severe DNA damage linked to infection (7) (8) (9) .
The DDR is a cellular response to genotoxic stress that governs three processes: DNA repair, cell cycle arrest, and cell death (10) . The DDRs that impact PyV infection are regulated by ataxia-telangiectasia mutated (ATM) and ATM-Rad 3-related (ATR). ATM coordinates homologous recombination to repair double-stranded breaks. Replication factor A (RPA) association with single-stranded DNA (ssDNA) activates the ATR pathway, causing replication to slow, and mediates recovery from replication fork collapse (11) . Both ATR and ATM mediate cell cycle arrest by activating the downstream checkpoint kinases (Chk), Chk1 and Chk2, respectively. Together, ATM and ATR phosphorylate potentially hundreds of proteins in response to DNA damage (12) . Recent proteomic profiling of the nuclear compartment revealed that most of the cellular pathways that are upregulated during BKPyV infection are involved in DNA repair and cell cycle arrest (13) . The current paradigm is that ATM and ATR are important for promoting viral chromatin replication by preventing the accumulation of viral replication intermediates (9) . However, when the DDR is inactivated, only a small fraction of the total viral genomes are affected, which cannot account for the dramatic decrease in viral titers. Furthermore, TAg expression from a mutant virus that was not competent for viral DNA replication still induced DNA damage and failed to activate the DDR despite triggering DNA damage. This suggests that neither ATM nor ATR is activated by DNA damage during a BKPyV infection. Instead, BKPyV viral chromatin replication triggers DDR activation early in infection (14) , suggesting that activation of the DDR by viral DNA replication may be to prevent the DNA damage rather than to mediate its repair. These published findings suggest that there is an alternative mechanism by which DDR activation enhances viral infection that can be characterized by identifying the origin of host DNA damage that occurs when the DDR is inhibited during infection.
Here, we identified the source of host DNA damage that occurs during BKPyV infection when the DDR is not activated. We found that the DDR was required to prevent host DNA damage rather than to repair existing damage caused intrinsically by BKPyV-induced replication stress. Specifically, we found that ATR prevented premature mitosis during BKPyV infection by blocking activation of cyclin-dependent kinase 1 (Cdk1). Consistent with this finding, blocking premature mitosis by Cdk1-depletion prevented DNA damage and rescued viral titers that were attenuated by both ATM and ATR inhibition. These findings suggest that the DDR was required late during infection when the majority of viral replication and assembly occurs to prolong S phase and prevent mitotic entry, thus extending the window for viral production. These studies also revealed differences between the roles of ATM and ATR during a BKPyV infection. ATM was required for efficient S-phase entry as well as for prolonging the S phase since inhibiting ATM drove cells into regulated mitosis following S-phase termination. In contrast, inhibition of ATR resulted in a dramatic shift of the population of cells that entered mitosis while actively synthesizing DNA, resulting in severe DNA damage. Taken together, these findings demonstrate that ATR and ATM function synergistically to maintain cells in S phase for BKPyV replication. using immortalized cells that commonly harbor mutations and epigenetic modifications in the DDR and cell cycle control pathways.
To understand the origin of the BKPyV-dependent DNA damage that occurs on host chromatin when the DDR is inactivated, we used potent and specific chemical inhibitors (17, 18) . As expected, ATM and ATR inhibition (ATMi and ATRi) reduced the BKPyVinduced DDR activation as measured by reduced Chk1 phosphorylation at Ser317 (pChk1 S317 ) and ATM autophosphorylation at Ser1981 (pATM S1981 ) (Fig. 1A) . The decreased Chk1 phosphorylation observed in the ATMi treatment group is likely due to cross talk between the ATM and ATR pathways (19) .
Examination of the nuclear morphologies of BKPyV-infected cells revealed that ATR and ATM inhibition reduced the percentage of normal nuclei and increased the fraction of cells with diffuse TAg staining in the cytoplasm (Fig. 1B to F, mitotic cells and abnormal mitosis), as previously reported (7) . Closer examination of the cells with diffuse TAg staining revealed alignment of chromatin on the metaphase plate, characteristic of mitosis (Fig. 1B) . Nuclear envelope breakdown during mitosis likely explains the presence of cytoplasmic TAg, which is a nuclear protein. Additionally, ATRi caused an ϳ7-fold increase in the number of cells with DNA damage in the form of nuclear fragmentation compared to the level in the control and an ϳ3-fold increase compared to the level in the ATMi-treated group (Fig. 1D ). Under normal conditions PyVs arrest the cell cycle (8) , but mitosis was increased by DDR inhibition. This suggested that DDR activation might be required for cell cycle arrest during infection, such as at the G 2 /M checkpoint (20) . Interestingly, a subset of these mitotic cells possessed chromatin morphologies that are characteristic of severely impaired mitotic progression, such as lagging and misaligned chromatin as well as anaphase bridges, which we collectively refer to as abnormal mitosis (Fig. 1F) . Activation of the ATR pathway prevents metaphase shattering, which is similar to what is observed when an S-phase cell goes into mitosis, here referred to as premature mitosis (7, 21) . Therefore, we hypothesized that ATR may be important during infection to prevent premature mitotic entry.
To determine if BKPyV requires ATR or ATM activation to arrest the cell cycle and prevent premature mitosis, we examined the cell cycle distribution of BKPyV-infected cells when ATM or ATR was inhibited (Fig. 1G ). Both ATR and ATM inhibition significantly increased mitotic entry of BKPyV-infected cells but had no effect on uninfected cells (Fig. 1H) . ATRi increased premature mitosis 30-fold in BKPyV-infected cells (Fig. 1I) , while premature mitosis was rarely observed for uninfected cells under any condition (Ͻ0.5% of S-phase cells). Interestingly, although both ATRi and ATMi induced mitosis during BKPyV infection, only ATRi significantly induced premature mitosis ( Fig. 1H and  I ). Thus, premature mitosis caused by ATRi was not simply a consequence of increased mitotic entry because ATMi did not induce premature mitosis but did increase overall mitotic entry. Rather, inhibition of ATR resulted in abnormal mitotic entry. These data suggest that the DNA damage observed when the DDR is inhibited during a BKPyV infection may be caused by abnormal mitotic entry during S phase (Fig. 1J) .
Blocking mitosis prevented BKPyV-dependent host DNA damage when ATR was inactive. Normally, ATR activation phosphorylates Chk1, which leads to cell cycle arrest at the G 2 /M checkpoint through inactivation of Cdk1 by phosphorylation ( Fig. 2A ) (22) . To directly test whether the DDR is required to prevent DNA damage by blocking cell cycle progression, we blocked mitosis by knocking down Cdk1 of the mitosispromoting factor ([MPF] Cdk1/cyclin B1) to see if DNA damage could be prevented during a BKPyV infection when the DDR was inhibited. Knockdown of Cdk1 prevented mitotic entry when the DDR was inhibited (Fig. 2B) . Abnormal mitosis and fragmented nuclei that resulted from ATRi or ATMi during BKPyV infection were dramatically reduced by Cdk1 knockdown, indicating that DNA damage caused by DDR inhibition (DDRi) was dependent upon mitosis ( Fig. 2C to E) . Additionally, cytoplasmic TAg was absent when Cdk1 was depleted, indicating that the cells did not enter mitosis.
Since fragmented nuclei are a product of the nuclear envelope forming around severely damaged DNA following mitosis, we sought to determine whether DNA damage occurred independent of mitosis (23). We utilized an alkaline comet assay, in which DNA damage is visualized with single-cell resolution by a comet-like appearance of broken DNA migrating away from the genomic pellet in an electric field (24) . As previously reported, BKPyV infection itself did not cause observable DNA damage since the comet tails were similar to those with mock infection (Fig. 2F ) (14) . However, inhibition of ATR in a BKPyV-infected cell increased the amount of DNA within the comet tail, signifying a significant increase in DNA damage (Fig. 2F ). This DNA damage was rescued by Cdk1 knockdown. Therefore, BKPyV activation of the ATR pathway is required to prevent Cdk1 activation and subsequent mitotic entry, which is associated with DNA damage (Fig. 2G) . DDR activation enhanced BKPyV titers by arresting the cell cycle. Because preventing mitotic entry by knocking down Cdk1 in DDRi-treated cells during a BK infection prevented DNA damage (Fig. 2D to F) , we next sought to determine if blocking premature mitosis rescued viral titers that were decreased by ATRi (Fig. 3A and  B) . Blocking mitosis by silencing Cdk1 rescued viral titers that were decreased by both ATRi and ATMi (Fig. 3A and B) . However, since only ATRi was significantly linked to premature mitosis, this suggests that premature mitosis was not responsible for diminished viral titers but, rather, that overall mitotic entry reduced viral production ( Fig. 1H and I ).
Cell cycle profiling was performed to determine if ATR and ATM activation reprogramed the cell cycle during BKPyV infection ( Fig. 3C and D) . As expected, BKPyV infection significantly increased the fraction of cells in S phase and correspondingly decreased the number of cells that were in G 1 phase compared to the levels in the uninfected control ( Fig. 3E and F) . A portion of BKPyV-infected S-phase cells were marked by Ͼ4N DNA content, reflecting the reduplication of host chromatin (Fig. 3C) . Also, since BKPyV infection induces cell cycle arrest, infection alone did not significantly increase the portion of cells in G 2 or M phase compared to the level in mock-infected cells (Fig. 3G) . In mock-infected cells, neither ATRi nor ATMi significantly altered the distribution of the cells in G 1 , S, or G 2 -M phase (Fig. 3D to G) . In BKPyV-infected cells, however, both ATRi and ATMi significantly decreased the percentage of cells in S phase while increasing the percentages of cells in G 1 and G 2 -M phases (Fig. 3E to G) . Further characterization of the G 2 -M population revealed that a significant number of the cells had entered mitosis ( Fig. 3H and I) . Similar results were obtained using structurally different inhibitors of ATR and ATM to rule out off-target or nonspecific effects from using a single set of DDR inhibitors ( Fig. 3J and K) (25, 26) . These findings suggest that activation of both ATR and ATM is required synergistically to prevent progression from S phase during BKPyV infection (Fig. 3L ).
An elevated G 1 population may reflect cells that failed to enter S phase or proceeded through mitosis due to loss of BKPyV-mediated cell cycle arrest. Since the DDRi treatments were applied after the virus reached the nucleus and since TAg was expressed driving the cells into S phase, it is more likely that this cell cycle distribution was due to increased mitosis rather than to failure to enter S phase. In fact, inhibiting the DDR late during infection well after S-phase induction by the virus (48 to 72 h postinfection [hpi]) also decreased S-phase levels and increased both mitosis and premature mitosis (for ATRi) (Fig. 4A to F) . Thus, constitutive DDR activation is required throughout infection to block cell cycle progression.
Characterization of the cell cycle using cyclin expression levels during a BKPyV infection revealed that BKPyV infection globally upregulated the expression of the Sand G 2 -phase cyclins E, A, and B1 along with their partners, Cdk2 and Cdk1 (Fig. 4G) . DDR inhibition decreased the expression of the cyclin E and Cdk2, supporting the cell cycle analyses that showed that cells were exiting S phase (data not shown). Taken together, these data suggest that ATR and ATM activation was required during BKPyV infection to prevent cell cycle progression from S phase into mitosis. ATM enhanced S-phase entry while ATR induced cell cycle arrest during BKPyV infection. S phase is a tightly regulated process during which the 2N DNA content of the cell is replicated only once to 4N before entering the G 2 phase. Following nuclear entry of the viral genome at 24 hpi, TAg expression drives the host cell into S phase and, when coupled to cell cycle arrest, leads to host polyploidization (Ͼ4N DNA content) (7) . This results in viral production that peaks at 72 hpi (Fig. 5A) (15, 27) . Early during infection (30 hpi) most cells in S phase had Ͻ4N DNA content, suggesting that host DNA rereplication had not begun for the majority of the cells (Fig. 5B) . By 48 hpi there was a prominent accumulation of cells that were positive for 5-ethynyl-2-deoxyuridine (EdU ϩ ) at 4N, with some cells having Ͼ4N DNA content. This suggested that BKPyV induced a prolonged S phase by 48 hpi and that rereplication of the host genome had begun. By 72 hpi, the majority of the BKPyV-infected cells had Ͼ4N DNA content, which is clearly distinguishable from the 4N peak.
Inhibition of either ATM or ATR throughout the infection cycle (24 to 72 hpi) reduced the proportion of cells in S phase, which could be due to a delay in either S-phase entry or entry into mitosis (Fig. 3) . To better understand how ATR and ATM differentially contributed to S-phase maintenance, we inhibited them at different time points during infection and performed cell cycle analysis. Interestingly, ATMi reduced the number of S-phase cells at early time points (30 hpi), but ATRi did not affect S-phase levels early ( Fig. 5C and D, compare ATMi to ATRi). Because both forms of DDR induce mitosis when applied throughout infection (Fig. 1H) , we examined mitotic entry early during infection to determine if S-phase levels in ATMi-treated cells were decreased due to increased S-phase exit and subsequent mitotic entry. Neither ATRi nor ATMi increased mitotic entry during the early treatment window (Fig. 5E, white bars) ; thus, the reduction in S-phase cells when ATM was inhibited was not due to enhanced mitotic entry. Taken together, these data indicate that ATM activity, but not ATR activity, was required for cells to efficiently enter S phase during a BKPyV infection. Furthermore, since entry into S phase was delayed when ATM was inhibited, this suggests that ATM must be active prior to the onset of DNA replication in order for BKPyV to efficiently induce the cells to enter S phase. By 48 hpi, ATMi-treated cells eventually entered S phase, indicating that although ATM was required for efficient S-phase entry early in infection, it was not strictly required for S-phase entry overall ( Fig. 5C and D) . Interestingly, S-phase levels remained unchanged and were significantly lower from 48 hpi to 72 hpi than those in infected cells with an uninhibited DDR, which continued to increase the proportion of cells in S phase (data not shown). Failure to accumulate high S-phase levels at these later time points (from 24 to 48 hpi) was likely due to defective cell cycle arrest and exit from S phase since there was a corresponding increase in the number of cells in M phase (Fig. 5E ). These data suggest that ATM activity is required at two different time points during infection: early during infection to induce efficient S-phase entry and then later to prevent entry into mitosis. However, it is possible that S-phase reentry must occur during infection when cells reach 4N DNA content, and thus increased mitotic entry due to ATMi may result from a failure to reenter S phase.
ATR inhibition did not affect S-phase levels at the early time point (30 hpi) ( This suggests that ATR may be required later during infection to prevent mitotic entry but is not required for S-phase entry early during infection. In fact, mitosis levels at 30 hpi were not affected, but by 48 hpi both ATRi and ATMi increased overall mitotic entry (Fig. 5E) . Interestingly, at 48 hpi cells that were undergoing premature mitosis had Ն4N DNA content when ATR was inhibited, but ATMi did not induce premature mitosis over the control level at any time point (Fig. 4F and 5F and G). Because the Ն4N DNA content population of cells accumulated during late BKPyV infection when the virus induced rereplication of the cellular DNA (Fig. 5B ) and because premature mitosis was only enriched in the Ն4N DNA content cells (Fig. 5F ), these data suggest that ATR was required late during BKPyV infection to prevent premature mitotic entry. The mitosis and S-phase analyses suggested that ATM and ATR were required synergistically but at different time points to maintain S-phase levels and block mitotic entry during infection (Fig. 5C to E) . However, it is difficult to interpret the effect of DDRi on the overall cell cycle profile over time compared to that of the vehicle control with these analyses. To statistically characterize the cell cycle profile of a BKPyV infection that had DDR inhibited, a ternary analysis was used to show significant shifts in the cell cycle populations (Fig. 5H) (28) . The ternary analysis characterized each cell cycle replicate as a single point with three coordinates (percent G 1 phase, percent S phase, and percent G 2 plus M [G 2 ϩM] phase). From this data transformation, a confidence interval was calculated to determine if populations of points were statistically dissimilar to each other. The ternary analysis demonstrated that inhibiting ATM early during infection significantly reduced the population of cells in S phase compared to that in untreated cells (Fig. 5H, left) , whereas early ATRi and vehicle control levels were completely overlapping, with no significant difference (Fig. 5H, right) . This suggests that ATM, but not ATR, is required early during infection. Late during BKPyV infection both ATM and ATR inhibition significantly reduced S phase and increased mitosis compared to the level with the vehicle control. Taken together with our analysis of premature mitosis and mitotic entry, these data suggest that ATR and ATM are required synergistically but have somewhat different roles in reprogramming the cell cycle during BKPyV infection. Specifically, ATM is required for efficient S-phase entry and blocking mitosis after DNA replication is completed while ATR is required later in infection for cell cycle arrest to prevent entry into mitosis in actively replicating cells (Fig. 5I) .
Premature mitosis was the source of DNA damage due to ATR inhibition during BKPyV infection. The DDR activates the G 2 /M checkpoint and temporarily blocks cell cycle progression, which allows DNA repair to occur in the G 2 phase (Fig. 6A) (29) . Both ATM and ATR activities were required to block overall mitotic entry, but only ATR inhibition significantly increased premature mitosis ( Fig. 1H and I) . Thus, we determined if there was a difference in abundances or activation levels of the G 2 /M checkpoint proteins during BKPyV infection following ATR versus ATM inhibition. ATR inhibition reduced Chk1 (pChk1) and Wee1 kinase (pWee1) activation, but ATM inhibition did not (Fig. 6B) (30, 31) . Total levels of Wee1 were decreased by both ATR and ATM inhibition, which was likely due to rapid degradation of Wee1 following mitotic entry (32) . Cdc25C, which is required for reactivation of Cdk1 (Fig. 6A) , was unaffected by either ATR or ATM inhibition (Fig. 6B) . Unlike ATM, ATR activity disproportionally contributed to Wee1 activation, suggesting that the ATR-Wee1 axis is required to block premature mitotic entry by inactivating Cdk1 during ongoing DNA replication (33, 34) . Supporting this, Wee1 knockdown in BKPyV-infected cells with an uninhibited DDR dramatically increased the number of cells that entered mitosis or premature mitosis in a manner that was reversible by Cdk1 silencing (Fig. 6C to E) . One study suggested that the DDR is required to repair DNA damage that accumulates throughout BKPyV infection (7) . However, our data suggest that host DNA damage is caused by premature entry into mitosis. To differentiate between these two possibilities, cell cycle arrest was blocked by Wee1 knockdown in cells with active DDR to repair DNA damage. Single cells from either the G 1 /G 2 , S, or premature mitosis fractions from the experiment shown in Fig. 6C were evaluated for evidence of DNA damage. Cells undergoing premature mitosis had evidence of DNA breaks, with chromatin dispersed throughout the cytoplasm, indicating complete misalignment of the chromatin (Fig. 6F) . Furthermore, these orphaned fragments occurred adjacent to sites of DNA synthesis (EdU ϩ ) and costained for mitosis (pH 3). Quantification of DNA damage by nuclear fragmentation showed that Wee1 silencing induced nuclear fragmentation in 40% of Tag-positive nuclei compared to Ͻ1% in the small interfering RNA (siRNA) nontargeting control (siNTC) (Fig. 6G) . Silencing Cdk1 along with Wee1 reversed DNA damage and premature mitosis but not mitotic entry all together (Fig. 6C to F) . DNA damage caused by Wee1 silencing was specific to BKPyV infection, consistent with what has been shown for ATR depletion (7) . This suggests that BKPyV-induced DNA damage caused by DDR inhibition is due to premature Cdk1 activation rather than to inefficient DNA repair.
Since Wee1 silencing induced both premature mitosis and DNA damage to a greater extent than had been previously observed by ATR inhibition, we investigated the impact of Wee1 silencing on BKPyV productive infection. The abundances of TAg and capsid proteins were reduced by Wee1 silencing and rescued by cosilencing Cdk1, indicating that viral protein levels were dependent upon cell cycle arrest by Wee1 (Fig.  6H) . Similarly, viral titers were reduced to unquantifiable levels in the absence of Wee1 but were partially restored by Cdk1 silencing, suggesting that cell cycle arrest by Wee1 is essential for productive infection (Fig. 6I) . To address this possibility, cell cycle profiling of BKPyV-infected cells with Wee1 silenced or inhibited revealed that Wee1 was required to prolong S phase and prevent premature mitosis during BKPyV infection ( Fig. 6C and E to J). Because blocking mitosis with Cdk1 cosilencing with Wee1 knockdown partially restored S-phase levels, this demonstrates that Wee1 inactivated Cdk1 during infection to prevent mitotic entry (Fig. 6C, E , and H to L).
To fully delineate the molecular pathway leading to ATR-mediated cell cycle arrest, we performed cell cycle analysis of a BKPyV infection with Chk1 inhibition (Chk1i), a possible intermediate in the ATR-Wee1 pathway. We found that Chk1i reduced S phase and induced premature mitosis similar to the effects observed with ATRi and Wee1i (Fig. 7A to D) . Thus, our findings indicated that productive BKPyV infection is dependent upon cell cycle arrest mediated by the ATR-Chk1-Wee1-Cdk1 axis, which blocks premature mitotic entry. To test this, we performed cell cycle analysis of BKPyV-infected cells treated with ATRi in the presence Cdk1 inhibition (Cdk1i) and observed that Cdk1i blocked ATRi-associated mitotic entry ( Fig. 7E and F) . Reciprocally, S-phase levels that were decreased with ATRi were restored to levels approximating the those of the vehicle control (Fig. 7G) . Thus, ATR activation during a BKPyV infection prevents mitosis through activation of the Wee1 pathway to block Cdk1 activation. Furthermore, when the Cdk1 inhibitor was washed from ATR-inhibited cells, mitosis occurred primarily in cells actively replicating DNA (75% versus 14% in contrast to ATRi alone) (Fig. 7H to J) . Taken together, these findings strongly suggest that the ATR pathway is activated during BKPyV infection to prevent the activation of Cdk1 during active DNA replication, thereby blocking premature mitotic entry and expanding the window for viral replication by prolonging S phase (Fig. 7K) .
DISCUSSION
BKPyV replication activates the DDR (14) and protects the host from DNA damage. Our studies here showed that the DNA damage resulted not from a lack of DNA repair but, rather, from a failure to arrest the cell cycle to allow cells in S phase to enter mitosis prematurely (Fig. 6) . Interestingly, our findings suggest separate and synergistic roles for ATR and ATM during a BKPyV infection (Fig. 5) . Inhibiting ATR resulted in cells entering mitosis when S-phase DNA synthesis was ongoing (Fig. 1G ). This premature mitosis correlated with severe host DNA damage as measured by a comet assay (Fig. 2F ). In addition, if the block to mitosis was removed in ATR-inhibited BKPyVinfected cells, there was a dramatic and immediate induction of premature mitosis (Fig.  7H to J) . When ATM was inhibited, the cells entered S phase at a reduced rate early in infection but still entered mitosis later during infection at a higher rate than cells with an active DDR (Fig. 5C to E) . In contrast to ATRi, ATMi resulted in cessation of DNA synthesis prior to entry into mitosis (Fig. 1G) , which also correlated with a reduction in the DNA damage ( Fig. 2D and E) . Finally, we induced mitosis in cells with an active DDR without altering the DNA repair capacity of these cells by silencing Wee1. When Wee1 was silenced during infection, cells acquired DNA damage due to mitotic entry despite an otherwise fully functional DDR (Fig. 6C to F) . Together, these data suggest that the source of the DNA damage is premature entry into mitosis. In fact, when mitosis was inhibited in cells that did not have an active ATR, premature mitosis and DNA damage were prevented. This demonstrated that cell cycle arrest, not DNA repair, is critical to prevent host DNA damage during a BKPyV infection.
We demonstrated that activation of both ATR and ATM was required nonredundantly to prevent BKPyV-infected cells from entering mitosis (Fig. 1) . This suggests at least two distinct mechanisms by which the DDR promotes cell cycle arrest during S10 ) or premature mitosis (red, EdU ϩ and pH3 S10ϩ ) were quantified as means Ϯ standard deviations of n ϭ 3 biological replicates. The fraction of premature mitosis is shown as a portion of overall mitosis in each group. Asterisks denote significant differences determined by one-way ANOVA between the overall mitosis population (black) and the premature mitosis population (red). (K) Working model. ATR prolongs S phase by activating Wee1 to inhibit mitotic entry by inhibiting Cdk1. Thus, ATR activation prevents premature mitosis, which in turn maintains S phase, prevents DNA damage, and enhances reduced viral titers. When ATR is inhibited, Wee1 is no longer activated to inhibit Cdk1. Activated Cdk1 in S phase induces premature mitosis, leading to DNA damage and reducing viral titers. *, P Ͻ 0.05; ***, P Ͻ 0.001; ****, P Ͻ 0.0001.
infection. Inhibiting the function of ATR or ATM during defined windows of the BKPyV replication cycle revealed that Wee1 was required to arrest the cell cycle to prevent entry into mitosis and to prolong S phase (Fig. 6C to E) . Recently, ATR has been found to mediate the S/G 2 phase transition by monitoring DNA replication in an unperturbed cell cycle by blocking Cdk1 activation (34) . Thus, DNA replication itself is an essential signal to restrict premature Cdk1 activation (35) . This model of ATR activity agrees with our observations that ATR inhibition resulted in premature mitosis of S-phase cells with a Ն4N DNA content. However, our findings revealed that for uninfected cells or infected cells with Ͻ4N DNA content during infection, ATR was not necessary to block premature mitosis through Cdk1 inactivation (Fig. 5F ). This may suggest that in certain primary cells there are additional layers of regulation in S phase that prevent progression into G 2 phase in the absence of ATR. Although our data suggest that ATR inhibition did not induce premature mitosis in uninfected cells, ATR mutations are lethal in utero, and the Chk1 response is required to prevent mitotic entry in trophoblast giant cells; therefore, it is possible that the ATR pathway regulation is cell type specific and is important for genomic reduplication events such as those involved in embryogenesis, cellular differentiation, and tissue repair (36) (37) (38) . ATM activation was required to block mitotic entry, but premature mitosis was not linked to ATM inhibition during BKPyV infection, which is likely due to intact ATR activity in the ATM-inhibited cells.
While ATR was not required for efficient S-phase entry, ATM inhibition during the early window of BKPyV infection prevented expedient entry into S phase ( Fig. 5D and  E ). An earlier report revealed a physical interaction between PCNA and ATM that enhances DNA replication, which supports our finding that ATM was required for S-phase entry during infection (39) . The mechanism by which ATM induces S-phase entry during infection is unknown. One possibility is that ATM is required for replication fork licensing because ATM targets numerous proteins at the replication fork, including the GINS and minichromosome maintenance (MCM) complexes (19, 40) . Another possibility is that ATM is required to form the viral replication compartment, as has been observed with other PyVs; thus, without ATM activation, replication is delayed (41) . Additional studies will be required to fully understand how ATM facilitates S-phase entry during a PyV infection.
The current paradigm for how ATM and ATR contribute to PyV replication is that they are directly required to replicate the circular PyV genome and resolve viral DNA damage. ATM has been suggested to be required to prevent rolling circle replication of the viral DNA, which must undergo theta replication to produce genomes that are packaged (9, 41) . In contrast, ATR prevents replication fork collision of the two forks that fire from the PyV origin of replication on the circular genome (9, 41). However, in those studies ATM or ATR inhibition sharply decreased overall viral DNA replication 60% to 80%, yet only 10 to 20% of the viral genomes had replication defects (9, 41) . The relatively small fraction of damaged viral genomes does not account for the substantial decrease in viral DNA levels. Consistent with our findings, the same study showed that DDR inhibition reduces the fraction of cells in S phase during simian virus 40 (SV40) infection (41) but did not provide any insight into whether S-phase entry or exit was affected. Our findings showed that the DDR was primarily required to prolong S phase by demonstrating that efficient viral production was restored by blocking S-phase exit in DDR-inhibited BKPyV-infected cells (Fig. 3A) . Other studies have suggested that cell cycle arrest is important for viral titers (42), but it was unknown how and whether the DDR contributed to cell cycle arrest. Overall, our studies do not rule out a role for the DDR in DNA repair but suggest that DDR activation is primarily required during BKPyV infection for cell cycle arrest.
A key difference between activation of ATR and that of ATM during BKPyV infection was activation of the Wee1 pathway by ATR but not by ATM (Fig. 6B) . Wee1 is one of two inhibitory kinases that are important for governing the G 2 /M transition by inactivating Cdk1 (43) . As such, Wee1 is being explored as a target for chemotherapy to induce mitotic catastrophe (33, 43, 44) . Although Cdk1 knockdown rescued DNA damage during BKPyV infection in Wee1-silenced cells, our investigation revealed that viral production and S-phase levels were not fully rescued by blocking mitosis, suggesting multiple roles for Wee1 during infection (Fig. 6 ). Since Wee1 also inhibits Cdk2 (45) and since Cdk2 remained inhibited throughout infection, it is possible that Wee1 is required for inhibition of Cdk2 during a BKPyV infection as well.
PyV-associated cancers are not concomitant with a productive infection but are driven by clonal integration of TAg with mutations in the helicase domain of TAg or in the viral origin of replication (2, 46) . In these tumors, episomal viral DNA is depleted, and viral replication is limited, suggesting that oncogenic transformation does not occur during a normal productive PyV infection (47) . Given that DNA amplification is the trigger for PyV-mediated DDR activation and that nonpermissive tissue culture models similarly limit DDR activation (14, 48) , our results suggest that this would lead to a failure to arrest the cell cycle during infection. In fact, both SV40 and BKPyV cause cancer in a nonpermissive host when viral replication is attenuated (49, 50) . Our observations, in combination with those in the field, provide a framework to understand the cause of oncogenic transformation by PyVs and how DDR activation may be a countermeasure to oncogenesis. Our findings support a model by which viral replication activates the DDR to inhibit cellular proliferation and prevent DNA damage by blocking entry into mitosis. While additional evidence is required to fully support this model, this interpretation underscores the role of the DDR during PyV infection not only to increase viral production but also as a mechanism to counteract the oncogenic potential of TAg. Future studies focusing on the mechanism of DDR activation during PyV infection will be necessary to test this model and connect tumorigenesis by PyVs to the broader fields of cell cycle control, replication licensing, and oncogenesis.
MATERIALS AND METHODS
Tissue culture. RPTE cells were purchased from Lonza (Basel, Switzerland) and maintained according to the supplier's recommendation in renal epithelial growth medium (REGM) (CC-3190). Cells were expanded in T75 flasks twice from the original vial of cells, and approximately 2.25 ϫ 10 6 cells were frozen in REGM plus 10% dimethyl sulfoxide (DMSO) and stored in liquid nitrogen (51) . All studies utilized these expanded RPTE cell stocks, which can be passaged one additional time.
Viral stocks. BKPyV (Dunlop strain) was maintained on the pBR322 vector (catalog no. 25466; Addgene) (a gift from Peter Howley) ligated into the BamHI site (52) . Original stocks of infectious BKPyV were prepared from a pBR322:Dunlop genomic clone which was digested and purified prior to transfection into a T75 flask of RPTE cells at 60% confluence with Lipofectamine 2000 (ThermoFisher) (7) . The cells were scraped in medium after 21 days and subjected to three freeze-thaw cycles, and the viral titer was determined by focus-forming assay.
Viral infection. For infection, RPTE cells were chilled at 4°C for 15 min and then incubated with BKPyV in REGM at one-fourth the volume of the dish at 4°C for 1 h with intermittent shaking before the inoculum was replaced with REGM at 37°C (7). Viral infections were performed at 0.5 focus-forming units (FFU)/cell unless otherwise specified.
siRNA knockdown. Silencer Select siRNAs for Wee1 (s21) and Cdk1 (s464) and a nontargeting siRNA (Silencer Select negative control no. 1) were purchased from Ambion (ThermoFisher). Reverse transfection into RPTE cells was performed using 10.8 l/ml Lipofectamine RNAiMax (ThermoFisher) and 10 nM siRNA using a protocol adapted from Jiang et al. (7) . Briefly, siRNA and Lipofectamine were preincubated for 20 min in one half of the final volume of the tissue culture plate with REGM in the dish prior to the addition of cells. Subsequently, RPTE cells were suspended at 1.5 ϫ 10 5 cells/ml and added to the lipid-siRNA mixture in one half of the final volume of the well. In the case of double knockdowns, single-knockdown and control conditions were supplemented with an additional nontargeting control siRNA such that all conditions were transfected with equal concentrations of siRNA.
Inhibitor treatment. All inhibitors were added to RPTE cells after nuclear entry of the virus. ATR and ATM were treated with the inhibitors VE-821 (5 M in DMSO) and KU-55933 (10 M in DMSO), respectively, or with AZD6738 (5 M in DMSO) and AZD0156 (5 M in DMSO), respectively, as in the experiment shown in Fig. 3 . Cdk1 was inhibited by the potent and selective inhibitor RO-3306 (10 M in DMSO) (53) . Chk1 and Wee1 were treated with the inhibitors MK-8766 (2 M in DMSO) and MK-1775 (0.3 M in DMSO), respectively. All inhibitors were purchased from Selleck Chemicals (Houston, TX), and final concentrations of the vehicle (DMSO) were kept constant between conditions. IFA. For immunofluorescence assays (IFA), RPTE cells grown on coverslips were fixed in 250 l of 4% paraformaldehyde (PFA) for 20 min as described in Jiang et al. (52) . Subsequently, the samples were washed in phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 -7H 2 O, 1.4 mM KH 2 PO 4 ) prior to permeabilization (0.1% Triton X-100 in PBS). Blocking was performed in PBS with 5% goat serum for 1 h. TAg expression (pAb416 at 1:250 in block) was used to mark BKPyV-infected cells. Coverslips were mounted onto glass microscopy slides with ProLong Gold antifade reagent (Thermo) with 4=,6-diamidino-2-phenylindole (DAPI) and stored overnight prior to quantification. Analysis was Violet (ThermoFisher) in wash buffer. Fluorescence-activated cell sorting (FACS) analysis was performed on an LSR II flow cytometer using the 405, 488, and 647 laser lines and the FACSDIVA software and then analyzed using FlowJo, version 10. Gating was applied identically to each sample within the experiment. It should be noted that our DNA stain cannot differentiate between cellular and viral DNA; thus, viral DNA may contribute to the DNA signal in cells. However, the viral chromatin accounts for only Ͻ5% of total DNA in the cell at the 72-hpi time point and thus only minimally affects the analysis of the data (56, 57) .
In certain cases, samples that were prepared for flow cytometry as described above were fixed onto microscopy slides by addition of Prolong Gold antifade reagent with DAPI at 1:1 (vol/vol) with the sample and covered with a glass coverslip. After an overnight incubation, samples were analyzed using a Nikon Eclipse Ti-S inverted microscope using a Nikon 100ϫ/1.45 oil S Plan APO objective. At least 10 images of cells in each of the G 1 /G 2 phase, S phase, and premature mitosis phase were collected per biological replicate. Images were analyzed on the basis of nuclear morphology.
Comet assay. The comet assay detects DNA damage with single-cell resolution by detecting the comet-like appearance of broken DNA migrating away from the unbroken genomic pellet of cells embedded in agarose and pulsed in an electric field. A Trevigen comet assay kit was utilized to prepare samples for analysis as per the manufacturer's instructions for 30 min. Following staining with 1ϫ SYBR Gold nucleic acid stain (ThermoFisher), samples were analyzed on a Nikon Eclipse Ti-S inverted microscope using a Nikon 40ϫ/0.60 S Plan Fluor ELWD AMD objective. At least 50 comets in random FOV were captured for each biological repeat (n ϭ 3), totaling no fewer than 150 comets for the overall analysis. Comets were scored using the Open Comet plug-in for ImageJ on the basis of the percentage of DNA in the tail, which is a reflection of the amount of damaged DNA (58). Significant differences were determined using one-way analysis of variance (ANOVA), which is the standard in the field (59) .
Statistical analysis. Unless otherwise noted, tests of significance herein are one-way ANOVA with Dunnett's posttest for multiple comparisons. In the event of a significant Bartlett's test, a Kruskal-Wallace test was utilized instead. Significant difference was determined against the result for the BKPyV-infected DMSO control unless otherwise noted by brackets on the graph. The GraphPad Prism analysis suite was utilized for all statistical analysis.
Ternary plots allow visualization of proportional data from three conditions or states and the visual and mathematical depiction of distinct populations from the data (28) . Ternary analyses were performed using the ggtern package within the R software environment (version 3.4.3) using RStudio (version 1.1.447). Briefly, the percentages of cells in G 1 , S, and G 2 (or M) phases under various conditions were determined by flow cytometry and plotted. The 95% confidence interval was determined by the Mahalanobis distance and log-ratio transformation. Ternary plot visualization was performed using the ggplot2 package, version 3.1.0.
